A very simple, rapid and sensitive spectrophotometric method for paracetamol assay in pharmaceuticals based on the reduction of 18-molybdo-2-phosphate heteropoly complex was developed. Reaction of 18-molybdo-2-phosphate with paracetamol is very fast at room temperature. The stoichiometry of the reaction is 1:1. The molar absorptivity calculated for paracetamol was equal to that for heteropoly blue formed in the studied reaction and was of 1.15×10 4 l mol -1 cm -1 at 820 nm. Beer`s law was followed for paracetamol concentrations from 0.3 to 7.5 µg ml -1 (l = 1 cm). The detection limit of the method was 0.03 µg ml -1 (l = 5 cm), and a relative standard deviation did not exceed 2.5 %. The method was successfully applied to the determination of paracetamol in pharmaceuticals.
Introduction
Paracetamol (acetaminophen) is commonly used as an analgesic and antipyretic drug in pharmaceutical formulations solely or in the mixtures with a few contaminants, typically caffeine, acetylsalycilic acid and some others. It is extensively used in the treatment of mild to moderate pain and fever and available without a prescription. Overdose of paracetamol can lead to hepatic necrosis or renal failure, particularly when concentrations in serum exceed 150 µg ml -1 after 4 h ingestion. [1] A truly rapid acetaminophen assay in emergency patient care is therefore highly desirable. Nevertheless, paracetamol is a very safe analgesic at therapeutic doses.
Thus, determination of paracetamol in pharmaceuticals (quality control) and in biological fluids (overdose monitoring) is of great interest.
Numerous analytical methods were reported for the determination of paracetamol in pharmaceuticals such as volumetric, spectrophotometric, fluorimetric, electrochemical and chromatographic, which were recently reviewed. [2] Most recent methods for paracetamol determination are chromatographic in nature. [3, 4] HPLC and GC methods have good accuracy and specificity but they are time consuming, technically demanding, and require the use of costly, highly specialized instruments.
Ultraviolet spectrophotometric procedures have been adopted by the British Pharmacopoeia and US National Formulary XI for the determination of paracetamol in tablets. Although the official ultraviolet spectrophotometric assay for acetaminophen is fast and simple, its accuracy is greatly influenced by the interferences from active substances or common excipients such as diluents and binders in tablets or colouring matter, sweetening agents and preservatives in syrups and drops. For the determination of paracetamol in multicomponent pharmaceutical preparations computer-controlled instrumentation and multivariate calibration methods are playing a very important role. [5] Various colour reactions have been proposed for the determination of paracetamol, including indophenol dye, and Schiff`s base formation, nitrosation and subsequent chelation, oxidation, oxidative coupling. Most of these methods require lengthy treatments and lack the simplicity needed for routine analysis.
The majority of published spectrophotometric methods (Table 1) are based on the preliminary hydrolysis of paracetamol to p-aminophenol and coupling of the latter with various phenolic reagents. [6] [7] [8] Although these methods are rather selective but both processes are slow. The hydrolysis of paracetamol in acid solution is completed after 0.5-2 hours of boiling. In addition, coupling reaction is also further slowing down the determination and needing additional 10-15 minutes for finishing. Reaction of the formation of Schiff base is fast, but again, preliminary long hydrolysis stage is necessary.
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Instantaneous formation at r.t. Present method * index at ε denotes the value of λ max in nm; ** r.t. -room temperature Other spectrophotometric methods are based on the reaction of paracetamol with phenols together with an oxidizing ion such as hypochlorite [10] or hexacyanoferrate(III). [11] Colored derivatives can simply be obtained by oxidation of paracetamol. Various oxidative reagents have been proposed, including Ce(IV), [12] iodylbenzene, [13] dichromate, [14] Fe(III) -2,4,6-tris(2-pyridyl)-S-triazine, [15] Fe(III)-1,10-phenanthroline, [16, 17] peroxydisulfate, [18] Cu(II)-neocuproine, [19] Fe(III)-K 3 Fe(CN) 6 . [20] Despite of the diversity of the cited variants, the proposed methods are generally of low sensitivity, require long reaction time or prolonged heating ( Table 1 ). For example, oxidation with cerium(IV) sulphate [12] proceeds completely only when a temperature is maintained during the reaction at 80 o C for 90 min. Using strong oxidizing agents can limit the specifity of the method.
The fluorimetric methods were developed either by oxidation of acetaminophen with alkaline hexacyanoferrate(III) or hydrolysis followed by reaction with benzylamine [21] . These methods are subject to interferences, the materials present in syrup formulations causing the most interference.
Folin-Ciocalteu reagent consisting of mixture of molybdotungstophosphate heteropoly anions (HPAs) having Wells-Dawson structure was used for the paracetamol determination but the resulted absorbance was low, and the proposed procedure was time-consuming. [22] [23] [24] Very long heating the solution is necessary for the completion of the reaction between isopoly molybdate anion [25] or 12-molybdophosphate HPA [26] and paracetamol.
Recently, we have found, that in contrast to other known heteropolyanions,
Dawson 18-molybdo-2-phosphate heteropoly anion P 2 Mo 18 O 62 6-reacts almost instantly with ascorbic acid, epinephrine, p-aminophenol and some other species behaving as a reducer. [27] [28] [29] [30] [31] In this work, it was found that the rate of reduction of 18-MPC with paracetamol significantly increases in sufficiently alkaline solution. On this basis, new simple, fast and sensitive spectrophotometric method was developed for the determination of paracetamol, which was applied to its assay in pharmaceutical formulations. [30] . 0.01 М solution of 18-MPC was prepared by dissolving 0.7855 g of the synthesized salt and diluting it to 25 ml with distilled water.
Experimental

Reagents
All the chemicals used were of analytical grade quality. Paracetamol was purchased from Sigma. Sodium hydroxide and hydrochloric acid were supplied by Aldrich Chem. The paracetamol stock solution was prepared by dissolving the appropriate amount of the drug in distilled water to reach a final concentration of 0.001 M. Solutions of citric acid, caffeine, acetylsalicylic acid, ascorbic acid, analgine as well as some other species were prepared by dissolving precisely weighed quantity of each compound in distilled water immediately before use.
Apparatus
The pH of solutions was monitored on a Delta 320-S pH meter (Mettler-Toledo, Switzerland). Absorption spectra were measured with an Specord S 600 (AnalytikJena, Germany) spectrophotometer. For daily absorbance measurements, a SF-26 UV-VIS (LOMO, Russia) spectrophotometer equipped with glass cells with 1.0 and 5.0 cm path length was used.
Recommended procedure for the construction of the calibration graph
In a 25 volumetric flask place 0.25 ml of 0.01 M 18-MPC, add an amount of paracetamol which is required to ensure its concentration within the range from 2×10 -6 to 5×10 -5 М, then add 0.25 mL of 0.100 M NaOH, and finally make up the solution to volume with distilled water. Measure the absorbance at 820 nm against water in 1 cm glass cell.
Procedure for the paracetamol assay in pharmaceuticals
Ten tablets were accurately weighed and crushed to a powder. Amount equivalent to one tablet was weighed, dissolved in water, transferred to a 250-ml volumetric flask and made to the volume. A known volume containing the appropriate amount of paracetamol corresponding to the middle part of the calibration graph was further transferred in 25 ml flask and analyzed as recommended above.
Results and Discussion
Method development
Two HPAs having Wells-Dawson structure were introduced into analytical practice by Folin, namely 18-tungsto-2-phosphate P 2 W 18 O 62 6-(Folin uric acid reagent) and mixed 18-molybdotungstophosphate HPA P 2 Mo n W 18-n O 62 6-(where n =4-5) [32] (Folin phenol or Folin-Ciocalteau reagent). The first complex is not capable to oxidize the phenolic compounds whereas the second one became the commonly used reagent for the determination of phenols [33] , proteins [34] and many other organic species. FolinCiocalteau reagent reacts with phenols only in alkaline medium.
The reaction of Folin-Ciocalteu reagent with paracetamol is slow. 25 min. of standing at room temperature is required for the full development of the colour in carbonate buffer solution with pH 11.0. [22] In addition, molar absorptivity coefficient is small (∼300 l mol -1 cm -1 at 660 nm).
Optimum reaction conditions
The influence of the solution pH on the formation of heteropoly blue (HPB) produced in the reaction between paracetamol and 18-MPC was investigated , λ=820 nm , l = 1 cm Such behavior of the reactants can be explained by an increase in the difference between oxidation-reduction potentials of HPA-0/HPA-2 and NAQI/paracetamol redox couples (NAQI -N-acetyl-p-quinoneimine). As it has been shown, [27] at pH <2.0 only The pH at which absorbance is levelled off (Figure 1 ) is remarkably close to the value of pK a for paracetamol -9.78. [36] Relationship between the acid strength (protondonor strength) of the paracetamol and his reduction-oxidation properties seems to be established. Abrupt increase of reducing power of phenols in alkaline medium is directly related with formation of their anionic forms. 
Absorption spectrum
Interference study
In order to assess the possible analytical applications of the spectrophotometric method described above, the effect of concomitant species on the determination of paracetamol in real samples was studied by analyzing synthetic sample solution that contain paracetamol and various excess amount of the common interferes. The tolerance limit was fixed as the maximum amount causing an error in the absorbance ≤±5% (Table 2) . The presence of most widespread concomitant species of paracetamol in pharmaceutical preparations such as caffeine, acetylsalicylic acid, citric acid, pheniramine, diclofenac, propyphenazone, codeine, saccharin together with paracetamol in drug formulations did not interfere with the results. As can be seen, the method shows a very good tolerance level to most of the foreign species assayed, very much higher than the concentrations in which they are usually found along with the analyte in pharmaceuticals.
The most serious interferences are from ascorbic acid, phenylephrine and salicylamide. So far as ascorbic acid can be separately determined at pH 4.0-4.5, [27] its interference can be considered allowing simultaneous determination of both substances.
Method validation
The developed method was validated in accordance with International
Conference on Harmonization acceptance criteria for linearity, sensitivity, precision and accuracy. [37] The Beer's law limits, molar absorptivity, detection limit, quantification limit, precision and accuracy values were evaluated and are given in tables 3-5. 
Linearity of the method
In order to investigate the range in which the colored complex conforms to Beer's law, the absorbance of the complex was measured at 820 nm after Deviations in the calibration curve from the linearity were observed for the paracetamol concentrations higher than 7.5 µg l -1 , possibly due to the decreased yield of the coloured product.
Limit of detection (LOD) and limit of quantification (LOQ)
The limit of detection was calculated as three times the ratio of the standard deviation of intercept to the slope of the calibration plot in the low-concentration region . The results illustrate that the proposed method is highly sensitive.
Precision and accuracy
The precision and accuracy of the proposed method were verified by inter-day and intra-day variation studies using three different concentrations of paracetamol (within the linearity range). In intra-day studies, paracetamol was analyzed on the same day whereas inter-day studies were determined by analyzing paracetamol for three consecutive days. The results are presented in terms of standard deviation, percentage relative standard deviation, and percentage recovery in table 4. The % RSD variation for intra-day and inter-day analysis was in the range of 0.9 to 1.4 % and 1.2 to 2.3 %, respectively. The results indicate that the proposed method is precise.
Mean recovery of paracetamol using the proposed method was in the range of 97.0-101.8 (intra-day analysis) and 98.9-100.4 (inter-day analysis), thus showing that the method was accurate. Relative standard deviation did not exceed 2.5 %.
Analytical application
Following the previously described general procedure, the method was successfully applied to the determination of paracetamol in five representative tablets and the results are summarized in table 5. For all the brands/doses examined, excluding the first brand, the method gave results which were in agreement with the declared content. The results obtained were statistically compared with those of the reference method [38] by applying the Student`s t-test for accuracy and F-test for precision. The reference method consisted of direct cerimetric titration of paracetamol.
As can be seen from table 5, the calculated t-value and F-value at 95 % confidence level did not exceed the tabulated values of 2.31 and 6.39, respectively, for four degrees of freedom. The results indicate that there is no significant difference between the proposed method and the reference method with respect to accuracy and precision.
Conclusion
Development of fast response analytical systems is of special relevance in clinical and toxicological laboratories dealing with a large number of samples each day that must be handled with least possible delay. The proposed spectrophotometric method has proved to be simple, rapid, precise, low-cost and sensitive for paracetamol determination. As far as we could know the proposed reaction is the sole example of simultaneously direct, fast and sensitive procedures for the paracetamol determination.
The usually required time-consuming stages of the paracetamol hydrolysis and its transformation in coloured substance were excluded by use of the proposed reagent.
The method is sufficiently selective to be suitable for the analysis of the most of pharmaceuticals with the exception of those containing ascorbic acid and phenols. The detection limit of the method was lower than those reported for batch spectrophotometric methods. Compared with the majority of HPLC methods developed for the determination of paracetamol this method is simpler, shorter in time and of lower cost.
